The unity of fluid mechanics in these three natural phenomena is provided by the well-known analogy between gas flow and shallow-water flow in convergingdiverging nozzles.
INTRODUCTION
This paper was written for the symposium "Perspectives in Fluid Mechanics" held at the California Institute of Technology, January 10-12, 1985. It is specifically an essay of the author's perspective on geologic fluid flow problems, rather than an exhaustive review. For the sake of brevity, references in this paper are limited. The author has published derailed analyses of the three geologic problems presented, and the reader will find references to other relevant work in the cited papers. 
where h is the water depth. In these equations, and in the figures in this paper, it is assumed that in a vertical cross section (specified by the coordinate z) the bottom of the water is at the channel boundary z = 0 and the water has a free surface at z = h. The free surface is assumed to be at constant atmospheric pressure Pa' but its elevation can vary along the channel and with time. The velocity of the water can also vary with position along the channel but is assumed constant over any vertical cross section. The viscosity and compressibility of the water are ignored. Again, as with gas flow, quasi-one-dimensional flow is assumed: the contours of the channel walls must be gradual, and vertical accelerations of the water must be small compared with the acceleration of gravity, g. The shallow-water conservation equations, (8) and (9), are identical to the compressible-gas conservation equations, (3) and (7), if water depth h is analogous to gas density p and if the isentropic exponent ¾ of the gas is equal to 2. Unfortunately, no real gas has such a high value of ht (the highest value being 5/3 for monatomic gases), so that the mathematically equivalent flow fields cannot be quantitatively realized. However, the effect of ¾ on most flow properties is small, so that the analogy is qualitatively, and even semiquantitatively, useful--as evidenced by the fact that in the early days of rocket design, hydraulic flumes were used to simulate wind tunnels. Examination of the conservation equations and the equations of state for a perfect gas shows that h is also analogous to T and that h 2 is analogous to P. Hence, With this introduction, let us reexamine the sense in which each of the geologic problems mentioned above is a nozzle problem. In the spirit of emphasizing the similarity of the various flow fields discussed in this paper, the word "nozzle" will be used interchangeably with the words "flume," "channel," and "conduit," and the word "contouring" will be used interchangeably with the word "eroding."
The nozzle of the Colorado River is the river channel, a converging-diverging nozzle formed by debris flows that constrict the main channel, and the fluid is shallow water.
The "geologic twist" that complicates simple application of flume concepts is that the walls and bed of the channel are erodible, and the channel can therefore change shape in response to changing conditions in the flow. The nozzle of Old Faithful geyser is a fissure of irregular (and largely unknown) geometry extending more than 20 m into the ground. The geologic twist in this problem is that the fluid is much more complex than a perfect gas: hot, liquid water stands in the conduit between eruptions and then boils and changes through a complex unloading process into a droplet-laden steamy aerosol during an eruption. The nozzle of the Mount St. Helens lateral blast was a huge vent created when a landslide caused by an earthquake opened a vertical scarp nearly 0.25 km 2 in area and exposed a hot hydrothermal and/or magmatic system. The erupting fluid was a hot vapor heavily laden with ash, rocks, ice fragments, and tree debris. As these three examples show, the scale of the geologic nozzles is large, the nozzle shapes are irregular, and the thermodynamic properties of the flowing fluids are complex.
SOUND VELOCITIES AND CRITICAL VELOCITIES: THEIR INFLUENCE ON THE FLOW FIELD
The most important result from the above analogy is the recognition that characteristic velocities control flow behavior in shallow water and gas flow. For small disturbances the equations of momentum ( (7) and (9) 
The Froude number of shallow-water flow, Fr, is the ratio of the mean flow velocity to the critical velocity:
The local flow variables are determined by these dimensionaless ratios which, in turn, depend on reservoir conditions and geometry. For gas flow the important parameters are the ratio of the pressures in the driving and receiving reservoirs, the area ratio along the axis, and the gas equations of state (particularly R and ¾ for a perfect gas). For shallow-water flow the important parameters are the ratio of upstream to downstream energy and the area ratio of the channel. Depending on the values of these If the head ratio is greater, as indicated in Figure 2b , the flow accelerates from the reservoir through the converging section and can reach critical (Fr = 1) conditions in the constriction. At the critical value of head ratio the flow can decelerate to subcritical conditions in the diverging section, but for other higher values it will accelerate to supercritical conditions in the diverging section. The word "shooting" is often used for supercritical flow. Strong nonlinear waves, in this case called oblique (or slanting) and normal hydraulic jumps, are generally required to decelemte the flow back to ambient conditions in the downstream reservoir. Depending on the head ratio and the severity of the constriction, waves can stand in (Figure 2b ) or downstream of (Figures 2c and 2d) the diverging section.
The flow fields shown in Figure 2 are a subset of possible flow conditions, for they do not show possible wave structures that arise if fluid enters the constricted part of the nozzle in a supersonic or supercritical state. Although such conditions can, in fact, be obtained geologically, this complexity is ignored in this paper because the concepts can be extrapolated from the simpler analyses presented here.
Supersonic or supercritical conditions are amazingly easy to obtain in geologic settings. If the ratio of reservoir pressure to atmospheric pressure in a gas nozzle is more than about 2, sonic and supersonic flow will occur in the nozzle; for comparison, the ratio of pressure in a volcanic reservoir to atmospheric pressure is often around 100:1. If shallow water flows from one reservoir to another that has less than two thirds of the head of the source reservoir, critical conditions can be obtained in the throat; for comparison, backwater depths on the Colorado River may exceed downstream tailwater depths by a factor of 2.
Our intuition, however, generally fails to prepare us for the possibility of such flows in the natural world. We commonly think of supersonic flow in terms of modem aeronautics: objects obtain high Mach numbers by moving very fast through air, which has a high sound speed. Geologic fluids rarely move at the speeds characteristic of modem aircraft (except in some volcanic eruptions), but the entire spectrum of flow behavior from subsonic to supersonic (and subcritical to supercritical) can occur in geologic flows because the fluids can have very low characteristic velocities. Fluids with low sound velocities can develop internally supersonic flow fields while still moving subsonically with respect to the surrounding atmosphere. That is, there can be standing shock or rarefication waves internal to the flow but no standing waves in the external medium.
Fluids in geothermal and volcanic settings typically have low sound speeds: water that contains gas or steam bubbles has a very low sound speed, because the bubbles dramatically increase the compressibility of the mixture 0Cs). An alternative form of the definition of sound speed, a = (1/•Csp) m, shows this dependence clearly. The sound speed in an air-water mixture can be as low as 20 m/s. The sound speed is further decreased in a mixture in which the bubbles are of the same composition as the liquid (e.g., steam bubbles in boiling water), because exchanges of 27,1 / REVIEWS OF GEOPHYSICS ß 7 mass and latent heat accompany passage of a sound wave; these exchange processes also decrease the sound velocity. Sound speeds as low as 1 m/s are possible for boiling water (reviewed by Kieffer [1977] ).
The dependence of sound speed on phase, pressure, and temperature can be shown on an entropy-density (S-p) phase diagram, in this case for H20 (Figure 3 problems, where, for example, the mass ratio of solids to vapor can exceed 100 and where particle sizes within a single flow can range from microns to meters. At present, we can only apply a simple theory in which the massloaded gas is mimicked by perfect gas laws (the so-called "pseudogas" theory) to obtain characteristic sound speeds [Richards, 1983, p. 58 ], but when it does occur, the geologic consequences can be great; the situation in the Colorado River, discussed in the following section, is one such occurrence.
Many simplifications have been made in the foregoing discussion, and these, as well as others, will be used in the analyses to follow, e.g., thermodynamic equilibrium; isentropic, quasi-one-dimensional flow; steady flow; and perfect gas or pseudogas behavior. One additional major simplification in the following analyses is that the flow fields are assumed to be either compressible and gravityfree (M > 1, Fr > 1) or gravity-dominated and incompressible (Fr < 1, M < 1). of the flow field, M ~ 1 and Fr ~ 1. In different parts of a flow field, either compressibility or gravity may dominate, and in the discussions that follow the author will point out some limits of the assumptions. The complex problems of flow in which both compressibility and gravity forces are of comparable magnitude and of the magnitude of the second-order effects when one force is dominant are only beginning to be addressed as the capabilities of modem supercomputers are being turned toward the problem.
CRYSTAL RAPIDS: SUBCRITICAL AND SUPER-

CRITICAL FLOW IN AN ERODIBLE CHANNEL
Geologic Setting and the Events of 1983
The Colorado River is the largest of the great rivers in western America. In the 400-km stretch through the Grand Canyon, numerous debris fans have been deposited by flash floods in tributary canyons ( Figure 5 ). Flash floods in the tributaries can carry boulders many meters in diameter into the path of the Colorado River because the gradient of the tributaries is quite steep. When emplaced, the large debris fans temporarily obstruct the path of the river, damming it until the debris deposit is breached and a new channel carved. The major rapids on the Colorado River are located where the river passes through these debris fans.
The channel of the Colorado River resembles a converging-diverging nozzle in the vicinity of these debris fans (note the constriction of the channel in Figure 5) . Typically, the channel narrows from a characteristic upstream width of about 100 m to a narrowest point in the '"throat" of the rapid, and then diverges back to a downstream width about equal to the upstream width. The ratio of the width of the river at the throat to the width at an average upstream section is herein called the "constriction" of the river or its "shape parameter."
Although the shape parameter is conceptually simple, it is difficult to obtain values that are meaningful for both field and theoretical use because the shape parameter is a function of the discharge rate and because the river channel is complex in three-dimensions. For example, the rise of the river shoreline from the lower (southem) end of the debris fan in Figure 5a which plots as the leftmost block in Figure 6 . However, for purposes of hydraulic modeling later in the discussion, it is necessary to assume an idealized cross section for the channel. A rectangular cross section is assumed. In this simplification the "average" constriction used for modeling is generally less than that measured from air photographs, contributed substantially to the energy of the wave at low discharges, so that the role of the constriction was not recognized. Only when the wave strengthened with increasing discharge, rather than washing out, was the role of the constriction recognized. In a channel with a nonerodible bed the flow velocity would be expected to increase with discharge, but in this situation where the fiver channel was erodible, the flow velocity becomes fixed at the threshold for erosion. This number was chosen somewhat arbitrarily on the basis of the Hjiilstrom criterion as discussed above, but it is consistent with the only available measured velocities. Three kayaks were filmed going through the rapid on June 27, 1983, when the flow was 2600 m3/s. The trajectory for the one kayak for which the best data were obtained is shown in Figure 5d . Measured velocities were as follows: immediately upstream of point 1, 8.5 m/s; point 1 to point 2, 9.8 m/s; point 3 to point 4, 8.7 m/s. The kayak stalled to an average velocity of 3.3 m/s between the trough and crest of the hydraulic jump in this region before accelerating down the backside of the wave to a velocity of about 8.5
As the discharge through Glen Canyon
In summary, a fascinating, and often tense, feedback process involving meteorology, fiver hydraulics, and engineers began in June 1983 and continued into early July as the discharge increased; this process can be followed on the curves of waters of the Colorado River, and engineers were forced to increase discharges through the dam toward 2600 m3/s. In response to the increased discharge, flow velocities again increased, and erosion of the channel continued; by the time of peak discharge, enough lateral erosion of the channel had occurred that the height of the hydraulic jump had decreased. It is not clear at this time whether the high flows were sustained long enough for the channel to take on a shape in equilibrium with the high discharge.
Implications for Geomorphic Evolution in the Grand
Canyon
Even after the channel was widened by the high discharges of 1983, the constriction of 0.40-0.42 at Crystal Rapids is still significantly below the value of 0.5 characteristic of the mature debris fans along the Colorado River (Figure 6 ), and the rapid is significantly different in hydraulic character from rapids at locales where the constriction is 0.5. This observation suggests that most debris fans in the Grand Canyon have been subjected to floods larger than the 1983 flood. With proper recognition of the simplicity of the model and the paucity of data, extrapolation of calculations at Crystal Rapids can be used to estimate that a flood of 11,000 m3/s might have been required to enlarge the constrictions to the value of 0.5 observed for most debris fans [Kieffer, 1985] . This is not an unreasonable value, because it is known that a flood of 8500 m3/s occurred in 1884.
The calculations described here attribute all changes in flow regime to lateral constriction, because of the assumption of constant specific energy. In all rapids there are changes in bed elevation that affect the total and specific energy of the flow and, therefore, affect the transitions from subcritical to supercritical conditions. The words "subcritical" and "supercritical" as used in this section, and in the following summary, therefore apply to a large-scale description of the rapid, not to local details, because these additional effects are not accounted for. beginning of evolution of a "rapid" from a "waterfall." Observations of naturally emplaced earth dams suggest that the breaching of the Crystal debris dam probably happened within hours or days of its emplacement. Unless the debris dam is massively breached by the first breakthrough of ponded water (that is, unless enough material is removed that the shape parameter is initially greater than 0.5), the constriction of the river is initially severe. Floods of differing size and frequency erode the channel to progressively greater widths (Figures 13c, 13d Study of this complex shock tube must be done under very restricted conditions. Whereas a major problem in the study of the Colorado River discussed in the preceding section is inaccessibility, an equally major problem in studying Old Faithful geyser is its accessibility and public visibility. Observations close to the vent must be made on the few days of the year when work will not detract from tourists' enjoyment of the geyser (namely, when Yellowstone Park is closed for snowplowing of the roads in late winter), and experiments or observations must be designed to avoid even the slightest damage to the geyser (for example, no hole can be dug to allow positioning and anchoring of a seismometer). Thus the challenge in studying Old Faithful is to learn as much as possible about the inner workings of a complex nozzle from very limited 
The Recharge Process: Clues to Geothermal Seismicity
After an eruption ceases, the conduit is empty (or nearly so) and must be recharged with both water and heat. Estimates of total volume erupted and conduit dimensions give an approximate recharge rate of 6 kg/s (liquid water) [Kieffer, 1984a, Collapse of the bubbles, and release of their latent heat, is probably a major process by which heat is transferred upward in the water column [White, 1967] , and the collapse of these bubbles is believed to cause the individual seismic events observed.
The number of seismic events per minute an be crudely correlated to the temperature-depth-time evolution of the water in the conduit (Figure 18) ; the accuracy of this correlation is not great because the seismic data and the temperature data were obtained 40 years apart (see Kieffer [1984a] for details). In Figure 18 the initial time (t = 0) for the histogram of seismic events shown was taken at the beginning of an eruption that was about 4.5 min long. A 66-min interval followed before the next eruption. The first appreciable seismicity started at about 21 min (that is, 45 min before the next eruption), and the associated temperature-depth conditions are indicated by the frame on the left of the top line at 45 min and by the data at the two letters "a." Successive graphs in this figure labeled with  decreasing times (40, 35, 30 min ..... down to 15 s) show the gradual filling and heating of the geyser and the correlations with seismic details.
The cause of the seismicity will be summarized in this paper, but an equally fascinating problem is the cause of the two periods of seismic quiet that occur 1 min and about 10 min prior to the eruption (see Kieffer [1984a] (Figures 15a and 20 When fluid has been erupted down to level C', 6 m of water will have been ejected, and the pressure in the column will be everywhere 0.6 bar less than the initial pressure. Except for small amounts of fluid between E' and F and between F' and G (Figure 25e) , the fluid will be everywhere on the reference boiling curve, and the conduit will become nearly completely filled with a two-phase mixture. The fluid is probably a boiling liquid at depth, grading upward into the steamy aerosol that emerges at the surface.
Further details of this unloading process are unknown; depending on the constriction, shock and rarefaction waves may play a prominent role in ejecting the different layers of water [Kieffer, 1984a] Another possibility is that water is vaporized to different levels in the eruptions of differing durations. During a long eruption, for example, all water in the immediate reservoir is converted into a two-phase mixture, and the immediate reservoir is completely emptied. For the long eruptions the bottom of the conduit is probably truly the geyserire bottom reached by probe, and L is the measured 22 m. During a short eruption, only part of the water in the immediate reservoir appears to be discharged. There is therefore probably a level below which water does not vaporize during short eruptions. In these eruptions the surface of the unvaporized water would be the "effective bottom" of the reservoir because of the large difference in acoustic impedance between boiling and liquid water; that is, the length L would not be the physical conduit length but a shorter value equal to the length of water column vaporized. This could account for the higher surge frequencies observed during short eruptions (Figure 24b) . The mechanism whereby the water, which is initially at 116øC when an eruption begins, is prevented from vaporizing under pressure reduction remains a mystery. The most common speculation is that cold water can occasionally enter the reservoir during an eruption, but there is no proof of this, and it is perhaps equally plausible that local temperature inversions in the fluid could quench eruptions. The highest vapor pressures in the reservoir will be generated as the hottest water boils: 0.175 MPa (1.75 bars) as the 116øC water boils. Equilibrium expansion to atmospheric pressure of 0.08 MPa (0.8 bar) produces a fluid that is about 4% vapor. Given a maximum reservoir pressure of 0.175 MPa (1.75 bars), the choke pressure can be calculated to be about 0.13 MPa (1.3 bars) [Moody, 1965] . Experimental evidence [Fauske, 1962] (Figure 26a) , which sits just a few hundred yards from Old Faithful and empts too erratically to be easily monitored, sounds like a jet engine and, with a little imagination, can be envisioned to contain internal shock waves (the arrow in Figure 26a points to three diamond-shaped structures that may be shock waves). These shocks are similar to those observed at weakly supersonic geothermal well heads (Figure 26b) . In summary, Old Faithful is a complex two-phase nozzle, possibly sonic or weakly supersonic, and certainly large enough in scale for both gravity and compressibility to be important. Although available data still do not permit a derailed model for the eruption dynamics, they have served to point out new directions for experiments and observations, some of which are now in progress. One of the most important directions of research focused on by these discoveries relates to the similarities in seismicity between geysers and volcanoes that exhibit harmonic tremor (Figure 15) . Harmonic tremor has for decades been attributed to magma motion and/or fracture propagation in volcanoes, but the quantitative nature of the mechanism causing it has been elusive. The geyser study suggests that bubbles in groundwater contained in fissures or pockets surrounding hot magma could be the source of tremor in some settings [Kieffer, 1984a] , and quantitative studies of Although these eruptions were more geyserlike than "volcanic,"they differed thermodynamically from eruptions of most geysers because the erupting vapor carried a heavy load of particulate material, crushed rock and ice gouged from the conduit and crater (this particulate material gives the lower part of the eruption plume in Figure 27 a dark color). The mass loading by this material affected the thermodynamics in two ways: the entrainment of solid fragments increased the bulk density of the fluid, and heat transfer between the solids and the expanding gas altered the expansion of the gas from that which would be obtained by a two-phase mixture or vapor alone. The mass loading of these eruptions was probably relatively light, especially in the dusty steam (Figure 27) , and thus the pseudogas approximation discussed in section 3 might be a rather good description of these fluids. In such a model, mass loading is taken into account as an increased molecular weight of the mixture (see the equations at the top of Figure 4) . Heat transfer from hot particles to cooler dynamics by preventing phase changes: the entropy of a gas phase is increased by heat conducted from solids, and thus formation of a condensed phase is suppressed. However, complications of heat transfer, drag, and interparticle interactions arise. No theoretical models yet account for these effects realistically for the range of particle sizes, particle shapes, and mass loading typical of volcanic eruptions.
Speculations and Summary
The north flank of Mount St. Helens was badly fractured and weakened by the intrusion of magma in March and April 1980. At 0832 on May 18 a magnitude 5.2 earthquake shook the mountain, and at least three large landslide blocks broke loose and slid downhill toward the North Fork of the Toutle River (Figure 28b) . Within a few seconds the pressure on magma, hot water, and gases inside the mountain was greatly reduced, and their rapid expansion produced the devastating event that was to become known as the "lateral blast." Magma was present in each slide block, but the lateral blast appeared to originate most strongly from slide block 2. The evolution of this blast was recorded by several eyewitnesses, by seismic equipment stationed around the mountain, by weather barometers, and by damage to the environment In the region closest to the volcano, trees were either stripped from the land or felled subradially away from the vent, and the blowdown direction showed little dependence on the terrain (Figure 32 ). This zone is called the "direct blast zone" to emphasize that the blast traveled directly away from the mountain without regard to even major topographic obstacles. Surrounding the direct blast zone is a zone in which topography did influence the blowdown direction, called the "channelized blast zone" to emphasize that the blast followed channels in the topography. Surrounding this region and marking the limits of the devastated area is the "singed zone," a zone in which trees were left standing but were singed by the heat of the blast as it became positively buoyant and lifted from the ground into the atmosphere [Kieffer, 198 la] . Figure 33a ; the origin and significance of these features will be discussed below. In Figure 33a , gas is shown emerging in the axial y direction from a vent through plane x-x'. The gas is assumed to be a pressure higher than atmospheric and thus produces an overpressured (underexpanded) jet. Typical rarefaction waves (fans), compression waves, shock waves, and discontinuity surfaces are labeled in Figure 33a . Figure 35 . I suggest that the devastated area has a southern boundary that actually curves south of an east-west line near the volcano because the initial Prandtl-Meyer expansion drove gas around in these directions.
In an underexpanded supersonic jet, rarefactions crisscross the flow and reflect off the flow boundary, assumed to be at a constant pressure equal to ambient atmospheric pressure (Figure 33a) . Upon reflection they turn into weak compressive shocks called "intercepting" or "barrel" shocks (Figure 33a ). The reflection of the rarefactions from the flow boundary tums the diverging flow back toward a more axial direction. I suggest that these reflections are responsible for focusing the direct blast zone so strongly to the north (Figures 32 and 35) Pressure, temperature, and density decrease through the expansions. The pressure behavior is particularly interesting and illustrates the nonlinearity of the supersonic expansion process: as the fluid expands, the pressure decreases below atmospheric pressure, and a large zone of subatmospheric pressure develops inside the supersonic zone (see the shaded area in Figures 34 and 35 ). The numerical model discussed by Kieffer [1984b, p. 155] suggests that the pressure in this region could be as low as 4% of atmospheric pressure. The existence of such a low-pressure core has some interesting volcanic hazards implications: for example, plastic components on vehicles in or near this part of the devastated area were degraded by the formation of large vapor bubbles [Davis and Graeber, 1980] . Laboratory studies demonstrated that the vapor formation was caused by exposure of the plastic to high temperatures during the blast. Efforts to duplicate the degradation by heating similar plastics in the laboratory under atmospheric pressure produced general similarities but failed to produce the large size of the bubbles found on the components from the vehicles. I speculate that bubbles may have grown unexpectedly large because the external pressure was temporarily lower than atmospheric in the supersonic core of the lateral blast.
In an underexpanded jet the intercepting shocks strengthen within the flow and coalesce across it into a strong shock standing perpendicular to the axis of the flow. This shock is called the "Mach disk" (Figure 33a ). As gas flows through the shock, it decelerates from supersonic to subsonic conditions; to a first approximation, the pressure on the downstream side of the Mach disk is atmospheric. Inertia of the heavy debris entrained by the blast at the Mach disk (the overturned logging vehicle in Figure 30a and the debris around it give some impression of the size of the debris load near the Mach disk) would propel the particulate matter through a "gas shock," so that the Mach disk should, in this geologic case, be thought of as a Mach disk "zone," perhaps of the order of 1 km in thickness. As A computer model that produced a somewhat smaller supersonic zone because the flow boundary was assumed to be inviscid rather than viscous (as in the above model) was run for the author by R. A. O'Leary (Rocketdyne) [Kieffer, 1984b] . Differences between the two models are not significant in terms of our lack of knowledge of the real complexities of the eruption, e.g., material emerging from two moving landslides instead of from a single vertical vent. No existing model is adequate for calculating properties beyond the Mach disk shock (compare discussions by Kieffer [1981a Kieffer [ , 1984b ). I believe that the most plausible assumption is that the flow is returned to ambient atmospheric pressure beyond the Mach disk (and perhaps beyond the peripheral intercepting shocks) and that compressibility plays a much less important role in the flow field beyond these features. 
